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Abstract— Nearly a billion people in the world lack access to safe
drinking water, two billion have inadequate sanitation facilities,
three billion use biomass for their daily energy needs and nearly
half the world’s population live in rural isolation, lacking access
to the most basic human services. Combined, these limitations are
a leading cause of the perpetuating cycle of poverty and political
insecurity. Meanwhile, the majority of international development
agencies are responsible for self-reporting project outcomes. At
best, expert spot-checks are conducted in the field occasionally.
These results tend to show individual project success, while metasurveys indicate on-going challenges in the sector.
This disconnect may be addressed through independent data
monitoring technologies that provide objective data on system
performance and use and can be used to demonstrate success and
identify project weaknesses. By demonstrating which
technologies and programs are truly successful, these successes
can be targeted for scaling, through savings realized by
eliminating unsuccessful approaches. This will benefit developing
communities by providing proven and accountable programs.
The Sustainable Water, Energy and Environmental
Technologies Laboratory, the SWEETLab™, at Portland State
University is working with partners to demonstrate this concept
across several applications and countries. The SWEETSense™
technology can provide objective, qualitative and continuous
operational data on the usage and performance of programs
across a range of sectors and communities. The data is then
directly integrated into SWEETData™, an internet database
presenting summary statistics on performance and usage of the
monitored technologies to front-end users.
The SWEETLab™ is currently demonstrating this concept in
water, sanitation, household energy and rural infrastructure
programs with diverse partners including Mercy Corps, the
Lemelson Foundation, Bridges to Prosperity, Manna Energy
Limited and Vestergaard Frandsen, in several countries
including Indonesia, Haiti, Guatemala and Rwanda.
Remote monitoring systems are an innovative method to
ensure the success of appropriate technology projects. Rather
than infrequent engagement, remote monitoring systems ensure
that community partnerships are maintained through continuous
monitoring. This approach seeks to raise the quality and
accountability of these projects internationally.
Keywords-sensors; international development; monitoring;
accountability; cloud
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I. INTRODUCTION
The World Health Organization estimates that 884 million
people do not have access to improved sources of drinking water
[1]. While it seems improvement has been made over the
previous estimate of 1.1 billion from 5 years earlier [2], it is
unclear how well these figures reflect realities on the ground.
Meanwhile, about half of the world‟s population continues to use
unsustainable, biomass based energy sources for indoor fuel use
[3], leading to extensive deforestation, harmful indoor air
emissions, and in many cases upper respiratory disease and high
commodity costs for impoverished families [4]. Furthermore, for
the nearly half of the world‟s population living in rural
communities, lack of access reinforces the cycle of poverty [5].
A. Accountability in International Development
The majority of international development programs selfreport project outcomes. Expert checks are typically conducted in
the field infrequently. These results tend to show success, while
broader surveys indicate frequent failure in the sector. As a result,
the end-users of these programs—rural, impoverished citizens—
continue to suffer from significant public health and livelihood
challenges, even as their communities are advertised to donors as
having been rid of these issues. This is detrimental to developing
communities as well as donor countries, in terms of lost
humanitarian impact, lost economic potential, and increased risk
of resource limitations [6].
International aid agencies are often criticized for a lack of
accountability. Much of this criticism stems from financial
inefficiencies and absence of a long-term strategy for impact on
the aid recipients [7]. In order to ensure accountability, a structure
must be in place where sanctions or incentives are created either
upward or downward. Upward accountability is when a local
development organization is held accountable by organizations
with superior level of decision making authority, such as national
governments, international governmental organizations, or any
funding organizations that enters into a contract with the local
organization. In this context, upward accountability may be
encouraged by offering rewards to the local development
organization for high performance or by imposing penalties for
low performance values. Downward accountability refers to
development organizations being held accountable by the target
population or the beneficiaries of the aid intervention. Downward
accountability may be encouraged if the target population has real
decision making powers in the design and planning of the

intervention. Depending on how extensive these powers are—
beneficiaries rights may range from simply having the right to
refuse interventions to veto power when it comes to resource
allocations—the beneficiaries may be in a position to ensure that
the intervention responds to the local people‟s needs and
preferences [8]. However, these methods of project accountability
are often influenced by self-reporting outcomes, and limited case
studies that do not reflect long term operational conditions.
B. Project Monitoring
Person to person surveys are the standard method for
monitoring specific point-of-use technology usage in a
developing community. A survey based study is conducted by
interviewing recipients of a point-of-use technology about their
usage of the system. Additional survey rounds are conducted
several months to a year later to see if users have truly adopted
the technology. However, it is often difficult to gauge if the study
participant is actually using the technology, as a “courtesy bias”
may exist where the participant may be trying to please the
surveyor. Additionally there is often a recall problem where the
participant doesn‟t always remember the information correctly.
Because of these biases, technology usage rates are often
overestimated.
Demonstrating success in water and sanitation programs has
proved difficult. Water for People, a leading non-profit water aid
organization, reported on a study that estimates that there are
50,000 dysfunctional water supply systems across Africa, leading
to a lost investment of at least $1.2 billion, ultimately caused by
poor maintenance, limited financing and a failure to address
sustainability challenges in the field, “The heart of the problem
lies in the sector agencies‟ unwillingness to put their reputations
on the line and truly define and measure “sustainability” [9].
Hunter et al 2009 suggests that, “the most effective
intervention for reducing diarrheal disease in developing countries
are programs to improve the management of existing drinking
water systems rather than investments in building new systems
that will either fail prematurely or work only intermittently” [10].
A study in Zambia examining chlorine as a water treatment
intervention first surveyed the households for usage of chlorine
but then measured the chlorine residual in their water. The study
found 42% of respondents reporting current chlorine usage but
only 13% testing positive for a chlorine residual [11]. The study
highlights recorded differences between reported and measured
chlorine usage. However, while more accurate data was likely
acquired, just measuring chlorine residual will only yield single
data points and still often involves courtesy bias from the user
chlorinating their water when they find out the surveyor is
coming.
With respect to the energy sector in developing countries, it is
known that women and children are impacted most significantly
from indoor air pollution due to their increased levels of exposure
within the household. Improved cookstoves have great potential
to both improve the health of the individual and reduce the impact
of carbon emissions on the global climate. The results of
laboratory efficiency tests using Water Boiling Tests (WBT)
protocol in different laboratories consistently show that most
improved stoves have better fuel efficiency than traditional stoves
(three-stone fires). However, other investigations show that

laboratory results from the WBT protocol gave little indication of
how a stove would perform under typical cooking conditions in
field settings [12,13].
Rigorous field testing is critical in estimating the achievable
fuel savings of improved stoves and for subsequent accountability
and resource allocation for government, non-profit and business
organizations. The use of a continuous remote monitoring system
will eliminate these biases and provide objective data points to
measure not only usage but reveal patterns of use which can be
related back to the behaviors of the users.
Many development organizations are now recognizing that a
lack of objective data on program performance is contributing to a
subsequent lack of accountability and misappropriation of
resource allocation in the sector. In the water sector, The World
Health Organization (WHO) and UNICEF Joint Monitoring
Program (JMP) for Water Supply and Sanitation recently reported
on their Rapid Assessment of Drinking Water Quality (RADWQ)
program, and stated that “reporting use is based on household
surveys,” and that the global monitoring of drinking-water quality
is complex and it is expensive” at approximately US$50 per
sample. The JMP stated that “data comparability is a big
challenge,” and there is a “need for a wider and integrated
approach to link to the national monitoring systems” [14].
C. Remote Monitoring
The existence of failed and abandoned systems in developing
regions highlights the flaws in current monitoring methods used
by the international development sector. Poor monitoring has
allowed for low levels of accountability, which can be seen by aid
organizations monitoring their systems for a few months to a year
and then leaving. Often the systems fail and the aid organization
has already moved on to another community, spending new donor
money and taking no further responsibility for the system they
implemented. Aid organizations are often not required to provide
any data or indication of how well their system is working and the
same organization will continue to raise funds based on old or
unreliable survey data of a now failed treatment intervention.
Remote monitoring can provide solutions to many of the
issues around sustainability of water, energy and infrastructure
interventions. Near real-time data can be inexpensively logged
and analyzed to optimize the performance of the particular
intervention. Data can be used to understand programmatic,
social, economic, and seasonal changes that may influence the
quality of the system. Additionally, behavioral patterns such as
how and when a system is being used can be analyzed to help
develop a sustainable system by integrating the user‟s behaviors
into the design and modification of the system.
Remote monitoring could drastically increase the transparency
of aid-financed organizations through the availability of objective
data from their implemented systems. A simple monitoring
device that logs the use and performance of a system can be
implemented with a sample of the population that has a particular
intervention. Accountability is then created through the
availability of this data to the international development
community including past and future donors.
The data can be analyzed and compared to secondary data
sources such as social surveys, finances, commodity prices,
rainfall, school and health care facility attendance, or work

schedules to better understand user behavior. Additional
comparisons can be made between implementation strategies
such as particular educational materials or the use of community
health workers to disseminate the technology. With this data,
systems and implementation strategies can be designed more
effectively to accommodate the user‟s needs and wants.
II. METHODOLOGY
Remote monitoring can provide solutions to many of the
issues around sustainability of water treatment, energy and
infrastructure interventions in developing communities such as
unreliable survey data and relying on spot checks to assess
performance. Near real-time data can be inexpensively logged
and analyzed to optimize the performance of a particular water or
energy intervention. Data can be used to understand
programmatic, social, economic, and seasonal changes that may
influence the quality of the system. Additionally, behavioral
patterns of the user can be studied to better understand how and
when the systems are being used. How the sponsors of the
intervention respond to the data and adjust their implementation
programs can also be evaluated.
Data analysis can be based on evaluating trends which relate
to performance and provide information for future appropriate
strategies. Design improvements could then be suggested based
on the findings with any additional challenges outlined.
Monitoring data may show that a system is rarely used and breaks
often. Acquiring such data in near-real time allows project
managers to diagnose problems quickly and may adjust
intervention strategies accordingly. Although the data on user
behavior is not the only piece of information needed to improve
the performance of aid interventions, the availability of these data
does constitute a critical component of adaptive management—
that is learning how the aid strategy ought to be modified to
improve performance. Once adjustments are made, project
managers will also get instant feedback on the effectiveness of the
corrective measures taken. Future allocations of funds can take
such performance data into account so that the objectives of the
intervention have a higher likelihood of being achieved.
Based on the monitoring data and feedback from aid
organizations, international development deployment models will
be developed to improve the sustainability of existing water and
energy implementations. Standards will be proposed for
organizations implementing point-of-use water and energy
devices in developing communities which may include
implementation of objective continuous monitoring devices. The
standards will serve as a baseline to ensure organizations are
accountable to the donors and recipients they serve.
The hypotheses driven research plan is adapted for each
project application, but in all cases is ultimately aimed at data
collection and analysis indicating performance and use of various
technology interventions. The generic hypotheses include:
1. Continuous instrument-based monitoring of existing water,
sanitation, energy and infrastructure systems will provide
more accurate and reliable data on system performance and
usage than current survey and spot-check methods.

2. Monitoring data, when compared with secondary data
sources, will provide patterns of usage and performance to
better understand the behavior and adoption of beneficiaries.
Once the technology interventions are instrumented with the
SWEETSense™ package, surveys of families and communities
who have monitoring devices will be conducted to determine
differences between survey data and the monitoring system.
Specifically, usage and performance data will be recorded to gain
insight into the operational effectiveness of the interventions.
Additionally secondary data specific to users of the system, such
as water treatment and cooking habits, number of people in the
family and economic status will be collected to gain additional
insight into the performance and usage data. Monitoring data will
be disseminated to partner organizations and their response to the
monitoring data will be analyzed through qualitative interviews.
Long-term usage of the system will also be accessed through
surveying at one year intervals.
III.

HARDWARE DESIGN

The project team has collaborated with a Portland, Oregon
company, Stevens Water Monitoring Systems Inc, to develop the
US Patent-Pending SWEETSense™ instrumentation and data
management technology for international applications.
The smart-sensor technology is designed to have a low
power profile, while maintaining high resolution data logging
capabilities. Currently, data loggers have a tradeoff between
frequency of sampling and logging, and energy consumption.
However, for these applications infrequent sampling and logging
(anything less than every second), can result in missing usage
events that are of interest.
The SWEETSense™ technology addresses this issue by
sampling at a comparatively high rate, between several times a
minute and many times a second, while only logging and relaying
the data when a predetermined change in the parameter is
sampled. This thereby minimizes power consumption and allows
high resolution logging of usage events while running off of
compact batteries for a targeted minimum of six months.
The SWEETSense™ combines commercially available
front-end sensors, selected for specific applications including
water treatment, cookstove, sanitation, infrastructure or other
applications, with a comparator circuit board that samples
these sensors at a reasonably high rate. The comparator boards
monitor the sensors for trigger threshold events that start and
end periodic local data logging.
The comparators sample the sensors frequently, and the
output is fed into a low power microcomputer chip where the
relative time that the parameter change occurs is logged. Logging
continues until the parameter returns to a predetermined baseline.
The stored events are coded to reduce the amount of data, and
thereby the amount of energy required for transmission.
Figure 1, below, shows this concept applied using two
pressure transducers attached to a drinking water line. In this
embodiment, the transducer comparator examines the reported
water pressure data and waits for a user to open a tap. When the
sudden drop in water pressure is observed, the SWEETSense™
stack starts logging the actual pressure readings until the user
closes the tap. Closing the tap will cause a „water hammer‟ effect,

resulting in spiking pressure readings, as shown in the frequency
chart below. These spikes are used to indicate when pressure data
logging is discontinued, allowing the SWEETSense™ unit to
return to low power sampling without logging. Two pressure
transducers, or a single differential pressure transducer, across an
orifice or pipe diameter difference allows correlation of
differential pressure readings to volumetric flowrate.
One or more times per day, the comparator board relays
logged data events either to another parent board or directly to
the internet via Wi-Fi. This second parent board can then relay
the data to the internet via Wi-Fi or GSM cellular phone
technology. Data processing is enabled on an internet based
software program, where the primary algorithms are stored.
The internet base program also contains manually and
automatically updated calibration files that are periodically
and automatically relayed back to the local sensor boards. The
innovations in this invention include the processes used to
enable long duration operation with high resolution data
logging while operating on simple, small batteries; the use of
customized and remotely updatable threshold trigger events;
and the distributed data processing load between the local
sensors and the internet.

Figure 1. Example water hammer effect resulting in pressure transducer
spikes on the SWEETSense™ stack.

IV. SOFTWARE DESIGN
Through the internet cloud, the data is then integrated with
SWEETData™, an internet database. First, the SWEETSense™
sensor boards deliver daily data to an FTP site. The
SWEETData™ protocols then process the raw data into summary
statistics, and aggregate these results with the database to present
to the front-end user summary data on frequency of use and
performance of each sensor and the technology it is monitoring.
Permissions settings will allow project partners to review
data prior to public release, without allowing modification or
deletion of valid data.

Figure 2. SWEETData™ Data sharing platform (www.sweetlab.org)

V.

PROJECT DEPLOYMENTS

The SWEETLab™ at Portland State University, in
cooperating with the University of Colorado at Boulder, is
working with partners to demonstrate this concept across
several applications and countries. The following section
highlights several initial pilot projects that have been recently
deployed or are planned; subsequent publications and
presentations will present and analyze the data collected.
A. Water and Sanitation
In Rwanda, the SWEETLab™ is working with Manna
Energy Limited. Manna is a social enterprise that all of the
authors are also involved in privately, and the lead author is a
co-founder and co-owner. With Manna, the SWEETLab™ is
working to monitor community scale water treatment systems.
These systems use cellular networks, smart phones, and local
computers to monitor flowrate, pressure, ultraviolet light
transmittance, and then control disinfection units to ensure
decontamination of the water. These systems use a
microcontroller and laptop based technology with continuous
internet connectivity.
In several countries, the SWEETLab™ is working with
Vestergaard Frandsen to deploy the SWEETSense™
technology on a sample of LifeStraw® Family water treatment
units. The LifeStraw® Family is a point-of-use microbial water
treatment system intended for routine use in low-income settings.
The system can filter up to 18,000 liters of water, enough to
supply a family of five with microbiologically clean drinking
water for three years, thus minimizing the need for repeat
intervention. The system requires no electricity or additional
consumables beyond the unit itself. LifeStraw® Family complies
with the US Environmental Protection Agency‟s “Guide Standard
and Protocol for Testing Microbiological Water Purifiers,”
providing treated water that is as-good or better than boiling for
microbiological contamination.

Figure 4. Example data set presented on SWEETData™ for SWEETSense™
LifeStraw® Family showing time of usage event (x-axis) and volume of water
added to the LifeStraw® Family (y-axis).

With Mercy Corps, the SWEETLab™ has implemented the
SWEETSense™ package for a statistically significant sample
of handwashing stations and latrines in periurban Jakarta,
Indonesia. Mercy Corps invests significant resources in water
and sanitation infrastructure and behavior change programs, as
well as in monitoring and evaluation staff time, while being
aware that survey data is biased towards showing success. By
incorporating these simple, reliable and transparent sensors
with remote data access, Mercy Corps will soon be able to
identify usage trends between sanitation and water systems,
seasonal differences, impact of events (such as visits by Mercy
Corps staff), and most importantly identify strengths,
weaknesses and differences between implementations that will
allow Mercy Corps to better allocate resources and ultimately
realize cost savings.

Figure 3. SWEETSense™ LifeStraw® Family for measuring frequency of
use, volume of water treated, and flowrate. Flowrate is indicative of backwash
frequency and filter end-of-life.
Figure 5. SWEETSense™ Flowmeter for measuring frequency of use and
volume of water through water provisioning systems.

The performance and usage data of the latrines and
handwashing stations will be analyzed to convert raw data
feeds into insightful results indicating usage of the systems.
This will include an attempt to demonstrate a correlation (or
lack thereof) between latrine use and handwashing station use,
consistent with the intent of the Mercy Corps behavior change
program. Additionally, the analysis will seek to correlate the
cost of this pilot program against the value returned to Mercy
Corps in terms of more efficient allocation of funding, staff
time, and impact of program on target communities.

Figure 7. SWEETSense™ Fire with high temperature thermisters, carbon
monoxide and carbon dioxide sensors designed to monitor frequency of use,
thermal efficiency, and emissions from high efficiency cookstoves installed in
households.

Figure 6. Example data set presented on SWEETData™ for SWEETSense™
Flowmeter showing time of usage event (x-axis) and volume of water
delivered (y-axis).

B. High Efficiency Cookstoves
While technologies exist to monitor stove use and
emissions, the processes currently used rely on in-person
visits, while current comparison studies such as the Shell
Water Boiling test rely on controlled environments and
manual weighing of fuel.
With the Lemelson Foundation, the SWEETLab™ and
partners in the Portland State University School of
Architecture are implementing the SWEETSense™ package
on several kinds of high efficiency cookstoves deployed by
Lemelson Foundation grantees, Kopernik and Inotek, in
Indonesia. In this embodiment, the SWEETSense™ package
includes thermocouples and CO/CO2 sensors to derive usage
and stove emissions data, and relay the data remotely to
partners in Indonesia and around the world.
In order to better inform the quantitative data that the
instruments provide, the SWEETLab™ has established a
working relationship with Berkeley Air Monitoring Group, an
organization that has developed expertise in instrumented
monitoring of cookstoves. Additionally, the lead author is a
member of the Monitoring and Evaluation Working Group of
the Global Alliance for Clean Cookstoves, which is discussing
the implications of instrumented data collection to compare
and evaluate cookstove technologies.

C. Rural Infrastructure
Rural infrastructure development focuses on the fifty
percent of the worlds' population living outside urban and
peri-urban areas. The rural poor are faced with compounded
poverty, lacking access to even the most basic of human
services; health care facilities for mothers and the sick, schools
for children, market access for farmers, and access to job
opportunities.
Bridges to Prosperity (B2P) provides isolated communities
with access by building footbridges over impassable rivers,
thereby providing acting as a catalyst in creating opportunities.
With bridge projects in 15 countries on three continents, B2P
is faced with the challenge of ensuring their projects are in
working
condition,
and
furthermore,
verifying
the community's use of the bridge as intended. Due to the
remoteness of each project, often in areas requiring several
hours, if not days, of hiking to reach from the nearest vehicle
road, remote traffic monitoring allows monitoring of bridge
use.
With B2P, the SWEETLab™ is in the process of
demonstrating pedestrian footbridge usage at three remote
sites in rural Guatemala. Three technologies are currently
being demonstrated, including pyroelectric heat sensors,
pressure slab sensors, and remote GSM data access. The
sensors currently deployed are commercially available through
EcoCounter, but may ultimately be replaced by the
SWEETSense™ technology in order to gain data
comparability with the other projects.
B2P anticipates that the remotely monitored data will
provide insight into usage and performance of the
installations. Continued use could indicate the structure's
usability, and spikes in traffic correlating with school hours or
on a market day provide quantifiable data to verify the social
surveys, proving impact of the project. Coupled with school
enrollment or health care visit information, traffic monitoring
will provide data to verify or invalidate that bridges provide
more than a safe crossing, but act as a catalyst for
improved livelihoods [15].

VI. FUTURE WORK
Data analysis will be ongoing during the duration of each of
the projects profiled. The data will be analyzed for significant
differences between the survey data and instrumented monitoring
data. Additional analysis will be conducted to understand patterns
between the monitoring data and secondary data. Specifically,
usage and performance data will be recorded to gain insight into
the operational effectiveness of the interventions. In all
technology cases, the actual recorded usage rates and
performance of the interventions will be compared to survey
reporting by the end-users. Likewise, the performance of the units
will be compared to manufacturer statements and organizational
reporting.
Based on the analysis of data, future work will be outlined.
This will likely include a recommendation to perform a long-term
study to measure if accountability was actually created with the
implementation of the monitoring systems. Standards will be
proposed for organizations implementing point-of-use water and
energy devices in developing communities which may include
implementation of objective continuous monitoring devices.
I. CONCLUSIONS
Ultimately, it is anticipated that this program may be
transformative for over 800 million people who currently lack
access to safe drinking water, and nearly three billion people who
use biomass for their daily energy needs and may benefit from
greater accountability and data collection on water, energy and
infrastructure projects conducted in their communities. Remote
monitoring systems are an innovative method to ensure the
success of appropriate technology projects. Rather than infrequent
engagement, remote monitoring systems ensure that community
partnerships are maintained. This approach seeks to raise the
quality and accountability of these projects internationally by
separating success from propaganda. Additionally, by providing
monitored data on the appropriateness and success of pilot
programs, business investors can make informed decisions. These
targeted customers are the end-users, but not the endbeneficiaries. The primary beneficiaries are ultimately residents in
developing communities who are the targets of international
development sector interventions.
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